The impact of copper (Cu) contamination on the minority carrier lifetime degradation of the last solidified fraction of an n-type Czochralski (CZ) silicon ingot was investigated. Lifetime degradation of more than 50% was measured at the top of an as-cut block during the first 2000 h (~83 days). Depth profiles of Cu concentration were collected over a depth of 20 μm from the surface and an exponential decrease with depth was observed. The critical concentration for Cu precipitation was exceeded within the top 2 μm. The mechanism of Cu diffusion and precipitation towards the surface at room temperature is the suggested phenomenon for the lifetime degradation. The effect of surface potential on Cu gettering was investigated in neighboring samples by grinding the surface with different SiC grit size prior to storage in the dark. The measured Cu profiles show that an increased surface area enhances the Cu precipitation at the surface and leads to a lower concentration deeper in the bulk. Since Cu diffuses over large distance at room temperature in n-type CZ silicon and it is mainly segregated at the last solidified part of the ingot, we suggest that the tail should be detached from the main body of the ingot in order to remove a potential source of Cu contamination.
Introduction
Monocrystalline silicon represents approximately 35% of the total solar cell production worldwide in 2014, where Czochralski (CZ) crystal pulling is the dominant fabrication process. CZ silicon has a lower defect density than multicrystalline silicon materials [1, 2] and consequently the corresponding solar cells reach higher energy conversion efficiencies. However, relatively high concentrations of metallic impurities might be found in the last solidified part of the ingot due to their low effective segregation coefficient [3] . Cu is generally measured in significant amounts in this region of the ingot, where wafers are still used for solar cells fabrication.
Cu is a fast-diffusing element in silicon [4, 5] , where an intrinsic diffusion length in the order of 1 mm is reached after 3 h at room temperature [6] . Cu tends to diffuse towards areas of higher chemical potential, such as extended defects and surfaces [7] . Due to both high diffusivity and low solubility of Cu in silicon, the solubility limit can easily be reached locally and precipitates are formed [6] . Cu becomes strongly recombination active for free carriers in the material, since Cu precipitates occupy a central position in the silicon band gap [8] . The formation of Cu precipitates could thus be detrimental to both bulk and emitter recombination, hence be a limiting factor for the solar cells efficiency [9, 10] .
In this work, we have investigated the source of lifetime degradation directly measured on a block cut from the last solidified part of a phosphorus-doped Czochralski silicon ingot. For this purpose, the bulk impurity concentration was measured by glow discharge mass spectrometry (GDMS). Apart from the dopant, Cu was found to be the main impurity in the material, and the source of Cu contamination might be feedstock, crucible or industrial growth environment. Cu depth profiles were measured under different conditions, i.e. time after surface grinding and surface roughness. Cu concentration tends to decrease with increasing distance from the surface, reaching an almost constant concentration deeper in the bulk. Cu diffusion and precipitation close to the surface is the suggested mechanism responsible for the lifetime degradation found in the material under investigation.
Experimental
A phosphorus-doped Czochralski crystal was grown along the <100> direction with a diameter of 160 mm. A block was cut from the last solidified part of the crystal with a height of 130 mm, which includes 30 mm of body (Fig. 1a) . The resistivity was measured by four point probe (FPP) at the top of the block and an average value of 2 cm was observed. The effective minority carrier lifetime was measured at the top of the sample by transientphotoconductance decay (PCD) [11] . The bulk lifetime was measured at the center and close to the edge of the block (Fig. 1b) during a period of approximately 11000 h (~15 months).
A slab was cut from the top of the block with a thickness of ~2 mm. Square samples with 20x20 mm 2 size were taken from center and edge of the slab (Fig. 1c) and double-side mechanically polished. The interstitial oxygen (O i ) concentration was measured by Fourier transform infrared spectroscopy (FTIR) according to the SEMI MF1188 standard, where an average concentration of 16 ppma was detected for the whole slab. Bulk impurity concentration were measured by GDMS, which has a low detection limits [12] and, an initial pre-sputter that removes ~10 μm of material followed by four repeated analyses, for a total of 26 μm (more details of the analytical method can be found in Ref. [13] ). The Cu concentration depth profiles were measured on samples from the central region of the slab after different periods of storage in the dark (2 and 8 h), i.e. the samples were kept in a black box at room temperature for the mentioned time intervals. The depth resolution of the GDMS analysis was 0.5 μm, for a total sputtered depth of 20 μm.
In addition, two square samples were taken from the center of the slab and ground with different SiC papers (320 and 1200 grit size) after Cu bulk concentration measurements. After grinding, the surface roughness of the samples was measured with 15 μm step resolution along a horizontal line of 5 mm and surface roughness calculated according to Ref. [14] . Both samples were stored in the dark during 672 h (4 weeks) and Cu depth profiles measured similarly to the other samples.
A neighboring sample was also analyzed, where a series of Cu depth profiles was measured in as-cut conditions, at time 0 and after 2 and 4 weeks of storage in the dark. The previously sputtered craters were removed by surface grinding with SiC paper (500 grit size) immediately after the GDMS analysis. Both storage conditions and depth profile measurement and surface grinding were undertaken under similar conditions. 
Results and discussion
Fig . 2 shows the bulk lifetime measured at the center and edge over a period of 11000 h, where similar lifetime trends were observed for both positions. The lifetime in the center of the sample was higher during the whole period compared to the edge. The values tend to stabilize after a period of approximately 2000 h, where a lifetime reduction of more than 50% was observed. The lifetime was measured with relatively high frequency at the beginning, until a plateau was observed. Before cutting the slices for further measurements (i.e. chemical analysis), the lifetime was measured once more at 11000 h to confirm the plateau trend observed at around 3000 h. The concentration of the main metallic and doping impurities measured on samples taken from the top of the block is shown in Fig. 3 (left) . Among the impurities analyzed, Cu has the highest concentration besides the added dopant. Due to the relatively low concentration of boron and iron, the formation of detrimental pairs such as boron-oxygen and boron-iron pairs is neglected. Depth-and time-dependent Cu concentration profiles are shown in Fig. 3 (right) . The samples were stored in the dark for 2 h and 8 h after grinding and prior to the Cu depth profile measurements. An exponential increase of the Cu concentration was found towards the surface. It is shown that constant concentrations are obtained deeper in the bulk (>20 μm) for both samples. Due to the tuning of the analyses, the top-most sputtered layer (first 0.5 μm of material) is missing in the results. The Cu concentration in this sputtered layer is expected to differ according to the storage time and may be higher for a longer storage time. Due to the gettering capabilities of defects, diffusion of Cu is enhanced and the solubility limit is easily reached locally. This results in the formation of Cu precipitates close to these sites. Above a critical intrinsic concentration of 200 ppbw [7] , Cu predominantly precipitates in silicon and such concentration level was found within the top 2 μm. Cu-rich precipitates are active recombination centers since they occupy a position close to the middle of the bandgap [8, 15] . It is therefore believed that the observed lifetime degradation is associated with Cu out-diffusion and precipitation at the block surface.
The formation of Cu precipitates at the surface was confirmed by measuring the lifetime, as described above, on part of the slab cut from the block. The sample was initially ground, where approximately 0.5 mm of thickness was removed, and the lifetime measured before and after sample storage in the dark. Similar lifetime degradation curve was observed compared to the block; however the large lifetime degradation took place within a period of approximately 8 h instead of 2000 h and lower values were measured. It could be explained by the fact that the reduced thickness of the slab leads to a higher contribution of the surface recombination to the measured lifetime as well as the Cu migration over much shorter distance until the equilibrium Cu precipitation is reached close to the surface.
A strong effect of Cu on lifetime reduction in n-type silicon was observed earlier, even at low Cu contamination levels, demonstrating the importance of the recombination strength of Cu in this type of material [16, 17] . In n-type silicon, the room-temperature Fermi level is very close to the electroneutrality level of Cu precipitates and thus the nucleation of precipitates is enhanced. It is found to be more detrimental in n-type silicon compared to p-type at low concentrations since a lower Cu concentration is necessary to initiate Cu precipitate nucleation in n-type silicon.
The diffusion coefficient of interstitial Cu in intrinsic silicon at room temperature was computed according to Ref. [4] and a diffusion length of approximately 30 mm was found for a period of 2000 h. This value is probably an overestimation as Cu diffusion is significantly reduced in phosphorous-doped material. Due to the significantly larger block height (~130 mm), it is believed that Cu migration towards the block surface was enhanced by electrostatic interaction between the ions in the solid and Cu precipitates formed close to the surface [7] .
In order to study the effect of surface potential on Cu gettering, two 20x20 mm 2 samples were ground with SiC papers of different grit size prior to depth profile measurements, i.e. the surface area of the samples was different. The surface roughness variations were measured along a horizontal line of 5 mm after grinding with 320 and 1200 SiC papers, where an increase of 8 times of the surface roughness was observed for the 320 SiC paper compared to the 1200 SiC paper. The Cu depth profiles were measured after 4 weeks of storage in the dark (Fig. 4 (left) ). Since the Cu bulk concentration was observed to be slightly different from sample to sample and could thus have a direct influence on the Cu diffusion and precipitation close to the surface, the profiles were normalized over the initial Cu bulk concentration measured prior to grinding and storage. The measured Cu profiles show that an increased surface area has a higher potential to attract Cu, leading to a lower concentration deeper in the bulk. An increase of 8 times of the surface roughness resulted in a reduction of 50 % in the average bulk concentration. A higher surface roughness also leads to a smoother transition in Cu depth concentrations close to the surface and the bulk, and consequently higher Cu concentration is found within the first 3 μm. It was demonstrated earlier that Cu precipitates are positively charged in p-type silicon and negatively charged or neutral in n-type silicon [18] . A higher density of negatively charged precipitates formed due to the more extended surface area results in a stronger attraction between the precipitates initially formed close to the surface and the ions in the bulk, leading to an increased Cu concentration and precipitation towards the surface. In addition to the high diffusivity of Cu in silicon, the electrostatic interaction between precipitates initially formed at the surface and the Cu ions in the bulk is suggested to enhance the Cu diffusion towards the surface.
Due to these results, a neighboring sample was analyzed in order to study the Cu gettering at the sample surface. The Cu depth profile was initially measured under as-cut conditions followed by surface grinding and storage. After storage, the Cu depth profile was re-measured and the sample re-ground before a new storage time of 2 week. The measured depth profiles are shown in Fig. 4 (right) for the as-cut conditions and after 2 and 4 weeks after the first surface grinding. The profiles show that the successive sample storage and surface grinding decreases the Cu bulk concentration and consequently less Cu precipitation takes place close to the sample surface. Therefore, the Cu precipitation at the surface with consecutive surface removal has revealed to be an efficient mechanism for bulk Cu concentration reduction in contaminated wafers. It could result in an improved material electrical properties as well as a reduction in the interaction between precipitates at the wafer surface and solar cell emitter. 
Conclusions
It was demonstrated in this work that Cu in n-type silicon diffuses over large distances, even at room temperature. Due to the high diffusivity of Cu towards the wafer surface, associated to the low solubility of Cu in silicon, precipitates are easily formed and consequently significant degradation of the electrical properties is obtained locally at the surface. A degradation of the minority carrier lifetime of 50% after 2000 hours was measured at the top of the block under investigation. The results show that the last solidified part of a CZ silicon ingot should be cut from the main body quite rapidly after crystallization since it is a potential source of Cu contamination for the rest of the ingot. A higher surface roughness has shown a higher potential to getter Cu close to the surface and thus a lower contamination is obtained deeper in the bulk of the wafer. Therefore, in contaminated wafers and under inefficient external gettering conditions, Cu might remain in the bulk and precipitates are formed close to the surface where the B-emitter layer is further deposited during solar cells fabrication.
